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Maintenance of strict developmental stage- and cell type-specific gene expression is critical for the progression of spermatogenesis. However,
the mechanisms which sustain the spatiotemporal order of gene transcription within the seminiferous epithelium are poorly understood. Previous
work has established that the proximal promoter of the mouse SP-10 gene was sufficient to maintain round spermatid-specific expression (Reddi,
P.P., Shore, A.N., Shapiro, J.A., Anderson, A., Stoler, M.H., Acharya, K.K., 2003b. Spermatid-specific promoter of the SP-10 gene functions as an
insulator in somatic cells. Dev. Biol. 262, 173-182). The present study addressed the cis-requirement for this regulation and sought to identify the
cognate transcription factor(s). We found that mutation of two 5′-ACACAC motifs (at −172 and −160) within the −186/+28 SP-10 promoter led to
premature and indiscriminate expression of a reporter gene in the seminiferous epithelium of transgenic mice, whereas the wild-type −186/+28
promoter retained spermatid specificity. Neither promoter showed ectopic expression in the somatic tissues. Expression cloning using the −186/
−148 portion of the promoter yielded transcriptional repressors TDP-43 and Purα of which TDP-43 required the complementary 5′-GTGTGT
elements located on the opposite strand for binding in vitro. Further, Northern analysis and immunohistochemistry of mouse testis showed the
presence of TDP-43 in cell-types where the SP-10 gene remains repressed. Taken together, our results demonstrate that 5′-GTGTGT motifs on the
complementary strand are required to prevent premature expression of SP-10 during spermatogenesis and implicate TDP-43 as the putative
regulatory factor. The study also implied that additional level(s) of regulation keep the SP-10 gene silent in the somatic tissues.
© 2006 Elsevier Inc. All rights reserved.Keywords: cis-Requirement; Round spermatid; SP-10; Spermatogenesis; Developmental regulation; Transcription; Repressor; TDP-43; Purα; TestisIntroduction
Mammalian spermatogenesis is punctuated by the sequential
expression of a series of spermatogenic differentiation markers
at discrete developmental stages of the cycle of seminiferous
epithelium (Shima et al., 2004). Execution of a temporally
ordered program of gene expression is of critical importance for
the completion of spermatogenesis and perturbations of the
program have been shown to result in the arrest of germ cell
differentiation leading to infertility (Lee et al., 1995). Although
several studies have noted the important role of translational
repression in ensuring proper temporal gene expression and
have identified critical cis-elements within the untranslated
regions of messenger RNAs (Braun, 1998), similar studies⁎ Corresponding author. Fax: +1 434 924 2151.
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doi:10.1016/j.ydbio.2006.04.443addressing the requirements for transcriptional regulation
during spermatogenesis have not been adequately addressed.
Gene regulation at the level of transcription involves not only
activation of transcription at the correct developmental stage but
its prevention in the inappropriate cell types as well. cis-
Elements within gene promoters execute these regulatory events
by recruiting transcriptional activators or repressors in the
appropriate cell types. Although it has been established that
germ cell-specific transcriptional activators such as CREM
activate the transcription of a number of differentiation markers
during spermiogenesis (Nantel et al., 1996; Blendy et al., 1996),
an unresolved issue has been whether additional regulatory
mechanisms are required to prevent the premature expression of
these terminal differentiation markers. For example, it is not
known if some haploid cell-specific genes are maintained in a
transcriptionally repressed state within the diploid germ cells.
Utilizing the mouse SP-10 gene as a paradigm for round
spermatid-specific gene transcription, the present study
782 K.K. Acharya et al. / Developmental Biology 295 (2006) 781–790addressed this unresolved issue and investigated the require-
ment of specific promoter elements for programmed gene
expression during spermatogenesis.
Messenger RNA for the mouse SP-10 gene, which codes for
an acrosomal protein (Reddi et al., 1995), is synthesized
exclusively in the round spermatids between stages I through VI
of the cycle of the seminiferous epithelium (Reddi et al., 1999).
This previous work established that either the −408/+28 or the
−266/+28 SP-10 promoter can direct round spermatid-specific
transcription of a reporter gene in transgenic mice. In a
subsequent study, we showed an additional regulatory role for
the −408/−92 region as a chromatin insulator that can protect a
gene from the incursions of a neighboring foreign enhancer and
prevent ectopic expression (Reddi et al., 2003). These two
studies showed that the proximal promoter of the SP-10 gene
contains cis-regulatory elements necessary for both positive as
well as negative regulation of transcription. Further, our
previous study also showed that mutation of two ACACAC
elements located at the −172 and −160 positions compromised
the enhancer-blocking function of the SP-10 insulator in
transient transfection assays, thus providing a clue that these
cis-elements could be important for the negative regulation of
SP-10 gene expression (Reddi et al., 2003). The goals of the
present study were to address the requirement of the ACACAC
motifs for SP-10 promoter function in vivo using transgenic
mice and to identify the cognate transcription factor(s).
We found that two 5′-ACACAC elements located within the
−186/+28 SP-10 promoter participate in maintaining the SP-10
gene promoter in a transcriptionally repressed state within the
diploid germ cells prior to the formation of round spermatids.
Screening of a mouse testis cDNA library yielded two
previously reported transcriptional repressors TDP-43 (TAR
DNA binding protein of 43 kDa) and Purα of which TDP-43
required the complementary 5′-GTGTGT motifs located on the
opposite strand of the SP-10 promoter for binding in vitro.
Materials and methods
Reporter gene constructs for transgenic mice
The wild-type −186/+28 SP-10 promoter or the mutant −186/+28 promoter
in which two ACACAC motifs at −172 and −160 positions have been mutated
were PCR amplified from the parent vector −408SP-10-gfp (Reddi et al., 1999)
and inserted into the XhoI and BamHI sites of pEGFP1 (Clontech, CA). The
following primers were used to generate the wild-type −186/+28 promoter: 5′
ccctcgaggaagctacccctaacacactattctacacacagaaaat (forward) and 5′ ggggatcctgg-
cacactcaagagctgagaag (reverse). To generate the mutant −186/+28 promoter, the
two ACACAC motifs in the above forward primer have been altered to ggcttg
(underlined): 5′-ccctcgaggaagctacccctaggcttgtattctggcttgagaaaat. The XhoI site
in the forward primers and BamHI site in the reverse primer have been italicized.
The reverse primer was the same as for the −186/+28 construct above. The
resulting constructs were called −186 wt GFP and −186 Mut GFP.
Generation of transgenic mice
The −186 wt GFP and −186 Mut GFP plasmids with the pEGFP1 backbone
(Clontech, CA) were cut with BstXI and AflII. The DNA fragment containing
the SP-10 promoter, GFP cDNA, and the SV40 poly A signal, was gel purified
and passed through an S and S column (Schleicher and Schuell, Germany). The
Transgenic Mouse Core Facility (TMCF) of University of Virginia generatedtransgenic mice using standard procedures (Hogan, 1986). Identification of
transgenic founder mice by PCR using GFP-specific primers and breeding to
generate F1 pups were carried out as described previously (Reddi et al., 1999).
The transgenic lines were subsequently confirmed by Southern hybridization
using the GFP cDNA as probe (data not presented).
Northern hybridization
Total RNA was isolated from testes and various other tissues using the
TRIzol Reagents (Invitrogen, CA). Ten micrograms of total RNA from each
tissue was loaded onto a 1% formaldehyde agarose gel, transferred to nylon
membrane, and UV cross-linked. GFP cDNAwas radiolabeled using the Prime-
a-Gene kit (Promega, WI). Hybridizations were performed using Express-Hyb
(Clontech, CA) according to the manufacturer's instructions. The filters were
washed under high stringency conditions. The exposure times of the
autoradiogram ranged from overnight to 7 days at −70°C.
In situ hybridization
Sexually mature F1 transgenic males were used for this experiment. Two
separate lines bearing the −186 wt GFP transgene and three separate lines
bearing the −186 mut GFP construct were analyzed. Testes from 10–14 week
old mice were collected and fixed in 10% NBF (Sigma, MO). Processing of
tissue samples and sectioning was carried out as described previously (Stoler,
1990). Tritium-labeled sense and antisense riboprobes spanning the entire open
reading frame of GFP were generated and hybridizations were carried out as
described before (Reddi et al., 1999).
Screening of mouse testis expression library
Mouse testis cDNA library constructed in lambda pTriplEX vector
(Clontech, CA) was used for screening with the −186/−148 region (38-mer)
of the SP-10 promoter, which includes both the critical ACACAC motifs. The
sense and antisense strands of the 38-mer were annealed by first heating to
65°C and then slow cooling to room temperature. The annealed 38-mer was
radiolabeled by T4 polynucleotide kinase using the end-labeling kit (Promega,
WI). Plating of the library was performed per manufacturer's instructions.
Briefly, the mouse testis cDNA library was plated at a density of 105 pfu/
100 mm Petri plate and induced with IPTG. Plaques were lifted onto
nitrocellulose membrane circles. Hybridization with the radiolabeled 38-mer
probe was performed using the Southwestern blotting protocol as described
(Latchman, 1993). A total of one million plaques were screened and six
positive clones were identified: 18A, 18B, 18C, 31, 40, and 45. The six
phage clones were plaque purified by tertiary screening (Sambrook and
Russell, 2001) and plasmids were excised from the pTriplEX phage clones as
per the manufacturer's instructions (Clontech, CA). DNA sequence of the six
positive plasmid clones was obtained by the standard dideoxy chain
termination method (Sambrook and Russell, 2001). BLAST searches against
the NCBI database revealed that three of the cloned cDNAs (18A, 18C, and
40) showed 100% homology to mouse Musashi-2 (GenBank Accession no.
AB056103), two of the clones (18B, 31) showed 100% homology to mouse
TDP-43 (GenBank Accession no. BC012873), and one clone (45) shared
100% homology with mouse Purα (GenBank Accession no. AF017631). In
this communication, we focused on clones 18B and #45 corresponding to
TDP-43 and Purα, respectively. 18B and 45 contained only partial cDNA.
Clone 18B contained 889 bp cDNA insert, which encoded for amino acids 1
through 271 out of the 414 residues of TDP-43; thus, the protein was missing
the carboxyl end. Clone 45 contained amino acids 45 through 321 out of the
321 amino acids of Purα; thus, this protein was missing the amino terminal
44 residues.
Expression of recombinant TDP-43 and Purα, and purification
The cloned cDNA corresponding to amino acids 3 through 271 amino acids
of TDP-43 was placed in pET22b+ (Novagen, WI) bacterial expression vector to
produce histidine tagged recombinant protein. TDP-43 (3–271) was PCR
amplified from clone 18B and cloned into the BamHI and HindIII sites of the
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(forward) and 5′-ggaaagctttttttctaactgtctattgctattatgctt (reverse), which
contained BamHI and HindIII restriction enzymes sites (italicized). The
resulting expression plasmid pmTDP-43 (3–271) was introduced into E. coli
BL21 (DE3). Induction of the histidine-tagged recombinant protein and its
purification using His-binding resin were performed as described previously
(Reddi et al., 1994). Similarly, amino acids 45 through 321 corresponding to the
mouse Purα protein were amplified by PCR from clone 45 using primers: 5′-
ttcggatccgggcggcggcggggccccgggg (forward) and 5′-ggaaagcttatcttc-
ttccccttcttcctcgccctgcag (reverse) to yield Purα (45–321). Expression and
purification were same as above for mTDP-43 (3-0271).
Generation of polyclonal antisera against TDP-43
Three female guinea pigs were immunized with the purified recombinant
mTDP-43 (3–271). Primary immunization was done using 200 micrograms of
mTDP-43 (3–271) in complete Freund's adjuvant (CFA). Three booster
injections were then given with 100 μg of the immunogen in incomplete
Freund's adjuvant (IFA) at monthly intervals. Final bleeds were collected
15 days after the fourth booster injection. Western blot showed that the immune
sera but not the preimmune, reacted with the immunogen (data not shown).
Immunohistochemistry
10–14 weeks old C57Bl mouse testes were fixed, paraffin embedded and
cross-sections were processed for immunohistochemistry using the guinea pig
anti-mTDP-43 (3-0271) antibodies following standard procedures (Harlow and
Lane, 1988). Antibodies were used at a 1:500 dilution.
Electrophoretic mobility shift assay (EMSA)
The 38-mer (−186/−148) sense and antisense oligonucleotides (38-S and 38-
AS) as well as three mutant versions of the 38 mer-antisense strand were used to
test the cis-requirement for binding with the recombinant mTDP-43 (3–271) and
m Purα (45–321) proteins. M1 and M2 AS (antisense) oligonucleotides contain
one of the two GTGTGT motifs (underlined) mutated to CAAGCC (italics
underlined). In M3-AS, both of the GTGTGT motifs have been mutated to
CAAGCC. The sequences are listed below.
38-S: 5′-GAAGCTACCCCTAACACACTATTCTACACACAGAAAAT
38-AS: 5′-ATTTTCTGTGTGTAGAATAGTGTGTTAGGGGTAGCTTC
M1-AS: 5′-ATTTTCTCAAGCCAGAATAGTGTGTTAGGGGTAGCTTC
M2-AS: 5′-ATTTTCTGTGTGTAGAATACAAGCCTAGGGGTAGCTTC
M3-AS: 5′-ATTTTCTCAAGCCAGAATACAAGCCTAGGGGTAGCTTC
The oligonucleotides were radiolabeled with gamma 32P-ATP using the end
labeling kit (Promega, WI). Uniformly labeled oligonucleotide probes were
individually incubated with either 4.5 μg of mTDP-43 (3–271) or 2.5 μg of m
Purα (45–321) for 30 min at room temperature in the presence of 1× gel-shift
buffer (5×: 50 mM Tris–Cl pH 7.5, 250 mM NaCl, 5 mM MgCl2, 2.5 mM
EDTA, 2.5 mM DTT, 20% glycerol, and 0.25 mg/ml poly (dI-dC). Following
incubation, the reaction mixtures were resolved on 6% polyacrylamide gels in
0.5× TBE. The gels were dried and exposed to film.
Isolation of mouse spermatocytes and spermatids
Populations of spermatocytes and spermatids were obtained from testes of
adult mice using standard StaPut gradient (Bellve et al., 1977). Briefly, testes
from 10 adult mice were removed, decapsulated, and transferred to a plate
containing DMEM. Enzymatic treatment (collagenase, hyaluronidase, trypsin,
and DNase) of the seminiferous tubules at 34°C released the germ cell
populations. The mixed germ cells were resuspended in 25 ml DMEM with
0.5% BSA and DNase. Cells were loaded into a 11.5 cm diameter StaPut
chamber and separated over a 600 ml linear gradient of BSA (2–4%) for 3 h in
the cold room. Fractions (300 drops) were collected over a period of 1 h.
Aliquots from every fifth fraction were checked under the light microscope.Fractions containing spermatocytes and spermatid were pooled separately. Light
microscope examination indicated the purity of the spermatocyte and spermatid
fractions to be 90% and 95%, respectively.Results
The ACACAC elements of the SP-10 promoter are not required
for targeting testis-specific transcription
To address the requirement of two ACACAC elements
located at −172 and −160 positions for SP-10 promoter function
in vivo, transgenic mice were generated with GFP reporter
constructs driven by either a mutant −186/+28 SP-10 promoter
in which the two ACACAC motifs were mutated to GGCTTG,
or the wild-type −186/+28 promoter. Three lines carrying the
mutant promoter-driven transgene and two lines carrying the
wild-type promoter-driven transgene were analyzed. Northern
blot hybridization using total RNA isolated from the testis and
various somatic tissues including brain, lung, liver, heart,
kidney, stomach, intestine, spleen, muscle, and seminal vesicle
of the transgenic mice showed that both the wild-type −186/+28
as well as the mutant −186/+28 promoters directed testis-
specific expression of GFP. The 1.2 kb GFP mRNA signal was
present only in the testis (Fig. 1). No ectopic expression of the
reporter gene mRNA was observed in the somatic tissues of
either transgenic line, suggesting that the ACACAC motifs are
dispensable for targeting tissue-specific expression by the −186/
+28 SP-10 promoter.
The ACACAC elements of the SP-10 proximal promoter are
required to maintain spatiotemporal specificity of transcription
within the seminiferous epithelium
In contrast to the Northern blot data, in situ hybridization of
testes of the above transgenic mice revealed a striking difference
in the transcriptional activity of the two promoters. The wild-
type −186/+28 SP-10 promoter directed precise developmental
stage- and round spermatid-specific expression of GFP mRNA
as seen previously with the larger −408/+28 or the −266/+28
SP-10 promoters (Fig. 2). The presence of in situ hybridization
signals in only a subset of the cross sections of seminiferous
tubules indicated that expression under the control of the wild-
type −186/+28 promoter was stage-specific (Fig. 2A). GFP
mRNA signals were restricted to the postmeiotic round
spermatids and no in situ signal was detectable over the diploid
germ cells (Fig. 2B). In contrast, the mutant −186/+28 promoter
failed to retain developmental stage- and cell type-specificity.
Every tubule cross-section showed reporter gene expression,
thus indicating loss of stage-specificity of transcription by the
mutant SP-10 promoter (Fig. 2C, compare with A). GFP mRNA
hybridization signals were spread diffusely across the seminif-
erous epithelium and were present within both premeiotic as
well as postmeiotic germ cell types. This diffuse hybridization
signal indicated a loss of cell type-specificity of gene expression
(Fig. 2D, compare with C). Results from two other independent
lines of transgenic mice bearing the mutant SP-10 promoter
showed similar derailment of transcriptional specificity (data
Fig. 1. The ACACAC motifs of the SP-10 promoter are dispensable for tissue-specific expression. Transgenic mice were generated with reporter gene constructs as
shown in the schematic diagrams in panels A and B. The ACACAC elements in the wild-type construct (bold) and the mutated versions in the second construct
(italicized) are underlined. Total RNA extracted from the testes as well as somatic tissues of 10-week old F1 transgenic males were probed with GFP cDNA. The 1.2 kb
GFP mRNA appeared specifically in the testes of transgenic mice driven by either the wild-type (A) or the mutant −186/+28 SP-10 promoter (B). No ectopic
expression was observed in the somatic tissues. Abbreviations: B, brain; H, heart; I, intestine; K, kidney; Li, liver; Lu, lung; M, muscle; Sp, spleen; St, stomach; SV,
seminal vesicle; T, testis.
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ACACAC elements of the SP-10 promoter are critical for the
maintenance of round spermatid-specific transcription. One
interpretation of these data is that the ACACAC elements likely
constitute binding sites for transcriptional repressor(s) involved
in preventing premature expression of SP-10 within the diploid
germ cells of the seminiferous epithelium.
Expression cloning identified transcriptional repressors
TDP-43, Purα, and a translational repressor Musashi-2 as
SP-10 promoter binding proteins
In order to identify the transcription factors binding to the
ACACAC elements of the SP-10 promoter, we utilized the
−186/−148 region (38-mer; see Materials and methods for
sequence) which includes the two ACACAC motifs as DNA
probe and screened a mouse testis cDNA library. In this
procedure, mouse testicular proteins expressed by bacterio-
phage in E. coli were transferred to nylon membranes and
hybridized with the radiolabeled DNA probe. A total of one
million independent phage clones were screened and six
positives were identified. Positive phage clones were plaque
purified by tertiary screening, plasmids were excised, and the
cDNA inserts were sequenced as detailed in Materials and
methods. NCBI Database nucleotide BLAST searches showed
that the six clones contained partial cDNAs for three separate
proteins: TDP-43 (two clones), Purα (one clone), and Musashi-
2 (three clones). TDP-43 (TAR DNA-binding protein of
43 kDa) was previously shown to be a transcriptional repressor
and a splicing regulator (Ou et al., 1995; Buratti and Baralle,
2001). Purα (purine-rich element binding protein alpha) was
shown to be a transcriptional repressor as well as an activator
(Gallia et al., 2000). In contrast, Musashi-2 was shown to be a
translational repressor (Sakakibara et al., 2002). Since Musashi-
2 was shown to be a cytoplasmic protein involved intranslational repression, we deferred the study of this protein
and focused on the transcriptional repressor proteins TDP-43
and Purα in the present study. TDP-43 (414 amino acids)
contains two RRM (RNA recognition motifs) domains
important for RNA/DNA binding and a glycine-rich domain
at the carboxyl end implicated in exon skipping function
(Buratti and Baralle, 2001). The cloned cDNAs corresponding
to TDP-43 contained amino acids 1 through 271, thus missing
the glycine-rich carboxyl end of the protein. Purα is a 322
amino acid protein consisting of a glycine-rich amino
terminus, a central repeat region involved in nucleic acid
binding, and a glutamine- and glutamic acid-rich carboxyl
end. The cloned cDNA corresponding to Purα contained aa
45–321, thus missing the glycine-rich amino terminal portion
of the protein.
TDP-43 and Purα are ubiquitously expressed in the mouse
In order to determine the tissue distribution of the cloned
transcription factors TDP-43 and Purα in the mouse, multiple
tissue Northern blot hybridization was performed using the
respective cDNA probes. Both TDP-43 and Purα messenger
RNA signals were found in the testis as well as in all of the
somatic tissues examined. This suggests that these transcription
factors play important roles in many organs. TDP-43 cDNA
probe hybridized to mRNA bands of 3.5 and 1.5 kb in size,
indicating that TDP-43 mRNA exists as different isoforms of
which the 3.5 kb isoform was prominent (Fig. 3A). The higher
9.5 kb band likely represents incompletely spliced TDP-43
mRNA (Fig. 3A). Purα showed two mRNA bands of 7 and
2.2 kb in all the tissues except testis, which showed a prominent
mRNA band at 2 kb and additional faint bands above and below
the 2 kb band (Fig. 3B). Thus, in contrast to TDP-43, Purα
showed the presence of testis-specific mRNA isoforms. Since
the testis mRNA is derived from both somatic as well as germ
Fig. 2. Two ACACAC motifs of the SP-10 promoter are required to maintain developmental stage- and cell-specificity of gene expression within the seminiferous
epithelium. In situ hybridization of testes of transgenic mice using GFP cDNA riboprobe showed that the GFP mRNA expression was stage-dependent (A) and round
spermatid-specific (panel B) when driven by the wild-type −186/+28 SP-10 promoter. Note that the in situ hybridization signals in the dark field image (B) correspond
to the round spermatids (arrowhead) but not to spermatocytes (thick arrows) or spermatogonia (thin arrows) in the bright field image (B′). In contrast, under the control
of the mutant −186/+28 promoter, GFP mRNAwas expressed indiscriminately at all stages of the seminiferous epithelium (C). Higher magnification showed that GFP
was expressed prematurely in diploid germ cells prior to round spermatid formation (D). Note the in situ signals emanating not only from the round spermatids
(arrowheads), but also from the spermatocytes (thick arrow) and spermatogonia (thin arrows) in panels D and D′. Panels E–F (dark field) and F′ (bright field) are
corresponding controls showing the background hybridization of the GFP riboprobe on non-transgenic mouse testes.
Fig. 3. TDP-43 and Purα are ubiquitously expressed in mice. Screening of
mouse testis cDNA library with the −186/−148 SP-10 promoter identified the
transcription factors TDP-43 and Purα. Multiple tissue Northern blot
hybridization showed mRNA for TDP-43 (A) and Purα (B) are ubiquitously
expressed in all the tissues. A prominent 3.5 kb TDP-43 mRNA hybridization
signal was obtained in all tissues except muscle (lane, M). Weak TDP-43 mRNA
hybridization signals were obtained at 1.5 kb and 9.5 kb. Purα mRNA migrated
at 2.2 kb and 7 kb in the somatic tissues. Mouse testis showed a specific 2 kb
isoform (arrow head). Reprobing of the blots in panels A and B with beta actin
probe showed the intact nature as well as equal loading of RNA (C).
Abbreviations: H, heart; B, brain; S, spleen; Lg, lung; Lv, liver; M, muscle; K,
kidney; T, testis. Molecular size markers are indicated to the left of panels A and
B. The hatched arrow and the solid arrow represent 2.4 and 1.4 kb size markers,
respectively.
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within the germ cells. The germ cells were separated from the
rest of the testicular cells by gravity sedimentation and RNA
was isolated from fractions containing spermatocytes or
spermatids. Northern hybridization showed that both TDP-43
and Purα are expressed predominantly within spermatocytes.
Only weak hybridization signals were obtained from compara-
ble amounts of total RNA from spermatids (Fig. 4). The 3.5 and
1.5 kb isoforms of TDP-43 mRNA were abundant within
spermatocytes (Fig. 4, lane Sc). In contrast, only the 1.5 kb
transcript of TDP-43 was present in the spermatids (Fig. 4, lane
St). Purα showed a similar trend. The spermatocytes contained
the 7 kb and 2 kb mRNAs whereas the spermatids only showed
the lower 2 kb isoform (Fig. 4). The control experiment
showing preferential segregation of protamine mRNA within
the spermatids (middle panel in Fig. 4) indicated the relative
purity of the germ cell preparations (the protamine gene is
transcribed exclusively in the round spermatids; Peschon et al.,
1987). These mRNA expression data are indicative of
prominent roles for TDP-43 and Purα during the meiotic
phase of spermatogenesis.
TDP-43 requires the 5′-GTGTGT motifs located on the
complementary strand to bind to the SP-10 promoter
It has been reported previously that TDP-43 binds to single
stranded DNA as well as RNA via (TG/UG)n repeats (Ayala et
al., 2005). The complementary strand of the SP-10 promoter
Fig. 4. TDP-43 and Purα are predominantly expressed in the spermatocytes.
Spermatocytes (Sc) and spermatids (St) were separated from the rest of the
testicular cells by density gradient sedimentation. Equal amounts of total RNA
from both cell preparations were used for Northern hybridization with TDP-43
or Purα cDNA probes as indicated. Both TDP-43 and Purα are predominantly
expressed in the spermatocytes. The same blots were stripped and reprobed with
the spermatid-specific protamine cDNA probe (middle panel), which showed
abundant protamine message in the round spermatids but not in spermatocytes,
indicating the relative purity of the cells. The ethidium bromide profile of the
RNA is shown in the lower panel. Molecular size markers are indicated to the
left of panels.
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spacer (Fig. 5). In order to determine if TDP-43 indeed binds to
the SP-10 promoter via the GTGTGT motifs, we performed
electrophoretic mobility shift assays (EMSA) using histidine-
tagged recombinant TDP-43 protein. Recombinant TDP-43 [3–
271] formed a gel shift complex with the antisense strand of the
38-mer (−186/−148), which contains two GTGTGT motifs, but
failed to bind to the sense strand (Fig. 5A). Under the binding
conditions used, TDP-43 [3–271] also failed to bind double
stranded 38-mer (data not shown). To test the requirement of the
two GTGTGT motifs for DNA binding, we used the −186/−148
antisense strand in which either one (M1-AS and M2-AS) or
both (M3-AS) the GTGTGT motifs have been mutated.
Mutation of either one of the GTGTGT motifs resulted in a
modest decrease in binding; however, mutation of both motifs
completely abolished the binding of TDP-43 (Fig. 5A). These
gel shift assay data proved that TDP-43 fails to bind to the
−186/−148 SP-10 promoter in vitro when both the GTGTGT
motifs have been mutated. In this context, it is worth recalling
that transgenic mice harboring GTGTGT mutations premature-
ly expressed the reporter mRNA prior to round spermatid
formation (Fig. 2). Recombinant Purα protein also preferen-
tially bound the antisense strand of the 38-mer (Fig. 5). UnlikeTDP-43, however, Purα binding to the SP-10 promoter
fragment was not affected by the GTGTGT mutations (Fig. 5B).
TDP-43 in mouse testis
The binding specificity of TDP-43 to SP-10 promoter (Fig.
5) coupled with the impairment of SP-10 promoter function
observed in transgenic mice bearing the mutant SP-10 promoter
(Fig. 2) suggested the likelihood that TDP-43 may, in fact, be
involved in the regulation of SP-10 gene expression during
spermatogenesis. To investigate the expression of TDP-43 in
testis and germ cells, we first generated polyclonal antibodies
against histidine-tagged recombinant TDP-43 [3–271] protein.
Western blot analysis showed that the antibodies recognized a
protein of 43 kDa within the mouse testis extracts, which
corresponded to the molecular weight of TDP-43 (Fig. 6, solid
arrow). An additional 34 kDa immunoreactive band also
appeared in the testis extract (Fig. 6, dotted arrow). The
43 kDa and 34 kDa bands likely correspond to TDP-43
polypeptides resulting from translation of the 3.5 and 1.5 kb
TDP-43 mRNA isoforms, respectively (Fig. 3A). The pre-
immune sera did not show any reactivity (Fig. 6, lane PI)
indicating the specificity of the antibody reagent for TDP-43.
Immunohistochemistry of mouse testis cross-sections showed
the presence of TDP-43 within the nuclei of testicular cells,
which is consistent with its role as a transcriptional repressor
and splicing regulator. TDP-43 was seen to be predominantly
expressed within the meiotically dividing spermatocytes (Fig.
7). The pachytene spermatocytes at stages VI, X, and the
metaphase spermatocytes at stage XII of the seminiferous
epithelium showed intense staining (Figs. 7B–D). In contrast,
the round spermatids showed relatively weaker staining of
TDP-43, and the staining was absent in the elongating
spermatids (Fig. 7B). TDP-43 could not be detected within
the spermatogonia. Apart from the germ cells, Sertoli cells of
the testis also stained for TDP-43. Thus, with the exception of
spermatogonia, all the cells that do not express SP-10 within the
seminiferous epithelium showed nuclear staining for TDP-43,
consistent with a role as the putative repressor of SP-10
transcription.
Discussion
Successful completion of spermatogenesis is dependent
upon proper expression of the terminal differentiation genes
coding for acrosomal, nuclear, and flagellar proteins (Lee et
al., 1995). However, the transcriptional regulatory mechan-
isms involved in maintaining the precise spatiotemporal
order of expression of these genes within the seminiferous
epithelium are poorly understood (Eddy, 2002). Utilizing the
round spermatid-specific mouse SP-10 gene that encodes
an acrosomal protein as a candidate terminal differentiation
gene, the present study addressed the requirement of specific
promoter elements for maintaining the developmental
stage- and cell-specific gene transcription of SP-10 during
spermatogenesis and identified the cognate transcription
factors.
Fig. 5. TDP-43 binds the antisense strand of the −186/−148 SP-10 promoter via two GTGTGTmotifs. Histidine-tagged recombinant TDP-43 (amino acids 3–271) and
Purα (aa 45–321) were tested by EMSA for interaction with various oligonucleotides derived from the −186/−148 SP-10 promoter (top panel). Both TDP-43 and Purα
preferentially bound the anti-sense strand of the 38-mer (38-AS), which includes the two GTGTGT motifs. Mutation of either one of the GTGTGT motif (M1-AS and
M2-AS) did not affect binding whereas mutation of both the GTGTGT motifs (M3-AS) completely abolished TDP-43 binding (see arrow in panel A). The data are
consistent with the previously published results that TDP-43 binds to single stranded DNA via (TG)n elements. In contrast, the GTGTGT mutations did not abrogate
the major complex formed by Purα (lower arrow, right panel). However, a minor complex appeared diminished in M3-AS (upper arrow, panel B). S, sense strand; AS,
antisense strand.
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the proximal promoter of the SP-10 gene possessed both
transcriptional activator as well as insulator properties (Reddi
et al., 2003). Further, transient transfection assays showed that
mutation of two ACACAC motifs located at −172 and −160
positions of the SP-10 proximal promoter compromised the
insulator function, suggesting the involvement of these cis-
elements in negative regulation of transcription (Reddi et al.,
2003). To address the in vivo requirement of the two
ACACAC motifs of the SP-10 promoter for round spermatid-
specific gene expression, the present study generated
transgenic mice with reporter constructs driven by either the
−186/+28 wild-type SP-10 promoter or the version bearing
ACACAC mutations.
Three significant findings emerged from the above trans-
genic experiment. First, a mere 214 bp region (−186/+28) of the
SP-10 gene proved sufficient to maintain round spermatid-
specific gene expression in vivo (Fig. 1). This is consistent with
the increasing evidence that male germ cell-specific genes
employ short proximal promoter regions to control gene
expression. Second, two ACACAC elements proved critical
for maintaining the SP-10 promoter in a transcriptionally
repressed state within the diploid germ cells in order to prevent
premature gene expression (Fig. 2). The transcriptionalrepressor protein TDP-43 has been identified as a factor
binding to the SP-10 promoter via the complementary
GTGTGT motifs, and is found to be expressed within the
diploid male germ cells (Fig. 7). Third, additional levels of
regulation, independent of the ACACAC elements, must
operate within the somatic tissues to keep the SP-10 gene in a
silenced state (Fig. 1).
This is the first study to define specific cis-elements
required for the negative regulation of a round spermatid-
specific gene promoter within the seminiferous epithelium.
Previous studies showed that when two direct repeats within
the proximal promoter of the spermatocyte-specific Proenke-
phalin gene were mutated, the promoter was rendered inactive
(Liu et al., 1997). Similar loss of promoter activity was
reported following the mutation of an inverted repeat within
the proximal promoter of the spermatocyte-specific LdhC4
gene promoter (Li et al., 1998). Transversion of a 14 bp region
in the promoter of the murine beta4-galactosyltransferase-I
gene and the mutation of TE element of the histone H1t gene
similarly resulted in loss of respective promoter activity within
the male germ cells (Charron et al., 1999; vanWert et al.,
1998). All of the above examples suggest that the mutated cis-
elements were targets for transcriptional activators, the loss of
which caused lack of promoter activity. In contrast, mutation
Fig. 6. Characterization of TDP-43 in mouse testis nuclear extracts. Polyclonal
antisera raised against the histidine tagged TDP-43 (3–271) in guinea pigs were
used to detect TDP-43 in mouse testis by immunoblotting. A prominent band
of 43 kDa reacted with the immune sera (lane I, solid arrow). In addition,
immunoreactivity was also observed at 34 kDa (dotted arrow). The 43 and
34 kDa bands possibly correspond to translated products of the 3.5 and 1.5 kb
TDP-43 mRNA isoforms seen in Fig. 3. Identical immunoblot results were
obtained with immune sera from two other guinea pigs, suggesting that both the
43 and 34 kDa bands are specific and represent TDP-43 protein. The
preimmune sera did not show any reactivity with mouse testis nuclear extracts
(lane PI).
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study did not abrogate promoter activity, but caused a loss of
its spatiotemporal specificity leading to premature expression
(Fig. 2). This is consistent with the interpretation that the
ACACAC mutations disrupted transcriptional repressor bind-
ing sites. Further, this is the first in vivo evidence that a round
spermatid-specific gene must be maintained in a transcrip-
tionally repressed state during the diploid phase of germ cell
differentiation in order to ensure its correct developmental
stage- and cell-specific gene expression within the seminifer-
ous epithelium.
It is noteworthy that neither the wild-type nor the mutant
−186/+28 SP-10 promoter supported any ectopic expression
in the somatic tissues of the transgenic mice (Fig. 1). One
interpretation of these data is that the proximal promoter of
the SP-10 gene induces the formation of a repressive
chromatin structure that is primarily responsible for inhibiting
the expression of SP-10 in somatic cells as well as in male
germ cells prior to the formation of round spermatids.
However, this repressive chromatin structure may assume an
open configuration in the spermatocytes, thus requiring the
action of 5′-ACACAC element-binding transcriptional repres-
sor to prevent premature expression of SP-10. It has been
postulated earlier that during the course of spermatogenesis,
select gene domains become potentiated (readied for tran-
scription) prior to the actual onset of transcription (Kramer et
al., 1998). Using the haploid-expressed protamine genes as an
example, Kramer et al. showed that although the actual
transcription of the genes does not begin until roundspermatid formation, the protamine gene domain undergoes
potentiation in the pachytene spermatocytes. It is conceivable,
therefore, that the SP-10 gene promoter undergoes potentia-
tion during the meiotic cycle and at this point, transcriptional
repressor TDP-43 likely plays a role in preventing premature
transcription of the gene.
Several lines of evidence support the idea that TDP-43 could
be the repressor of SP-10 gene transcription within the
immature male germ cells. (1) The canonical binding sites for
TDP-43 are present on the opposite strand of the SP-10
promoter and the binding of recombinant TDP-43 in vitro is
dependent on these GTGTGT motifs (Fig. 5). (2) TDP-43 is
abundantly expressed during the meiotic phase within the
spermatocytes where the SP-10 gene remains transcriptionally
repressed (Figs. 4 and 7). (3) Transcriptional repressor function
of TDP-43 has been demonstrated in cell culture assays by
previous reports (Ou et al., 1995; Ayala et al., 2005). Taken
together, the data suggest the possibility that TDP-43 could
account for the transcriptional repression of the SP-10 gene
within the seminiferous epithelium. Future experiments involv-
ing chromatin immunoprecipitation and conditional knockout
mice will further resolve the role of TDP-43 in the regulation of
SP-10 gene expression.
Interestingly, TDP-43 has been shown to play additional
roles. It acts as a splicing regulator and has been implicated
in the exon skipping of the CFTR gene (Buratti and
Baralle, 2001). It has been suggested that TDP-43
molecules form a new category of nuclear bodies referred
to as TDP bodies, which in turn determine the higher order
arrangement of the eukaryotic nuclear bodies (Wang et al.,
2002). Based on subcellular localization experiments, it was
proposed that TDP bodies associate with other nuclear
bodies such as the Gemini of coiled bodies (GEM) via
interaction with survival motor neuron (SMN) protein
(Wang et al., 2002). Our earlier finding that the ACACAC
mutations compromised the enhancer blocking function of
the SP-10 insulator (Reddi et al., 2003) suggests that the
cognate protein TDP-43 may also play the role of an
insulator protein. The presence of the multifunctional TDP-
43 within the testis (Fig. 7) indicates a regulatory role for
this protein in spermatogenesis.
The question of how spermatogenesis-specific genes remain
silent within the somatic tissues has been addressed by several
previous studies. Geyer et al. (2004) showed a correlation
between the methylation status of CpG dinucleotides in the
promoter region of the spermatocyte-specific gene Pgk2 and its
transcriptional activity. Similar epigenetic control of transcrip-
tional repression was reported for other testis-specific genes
including the histone H1t and LdhC4 genes (Singal et al., 2000;
Kroft et al., 2001). The SP-10 gene promoter, on the other hand,
lacks CpG dinucleotides; thus the cis-requirement observed in
the present study may represent a DNA methylation-indepen-
dent regulatory strategy adopted by some germ cell-specific
genes. With regard to prevention of expression of spermato-
genesis-specific genes in somatic cells, it is interesting to note
that the germ cells contain unique basal transcription machinery.
Testis-specific isoforms of TBP, TFIIA, and TFIID components
Fig. 7. Immunolocalization of TDP-43 in the mouse testis. Panels A through D show immunohistochemistry of mouse testis using the TDP-43 antisera. Panel A is the
negative control with preimmune sera. Panels B–D show stages VI, X, and XII of the seminiferous cycle, respectively. Note the intense reactivity of TDP-43 antisera
within the spermatocytes (Sc) at all stages of the cycle. The round spermatids (RS) also show the presence of TDP-43, albeit to a lesser degree compared to the
spermatocytes (B). In contrast, no TDP-43 staining of the spermatogonia (Sg) was observed. Sertoli cells (S) at all stages showed the presence of TDP-43.
Abbreviations: S, Sertoli cells; Sc, spermatocytes; MII-Sc, metaphase stage spermatocytes; SSc, secondary spermatocytes; RS, round spermatids; ES, elongated
spermatozoa. Roman numerals in parentheses indicate the stage of the seminiferous cycle.
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mouse (Ozer et al., 2000; Zhang et al., 2001; Martianov et al.,
2002; Falender et al., 2005). In Drosophila, several components
of the general machinery have been shown to be testis-specific
and essential for male fertility (Hiller et al., 2004). Thus, the
mere absence of testis-specific components of the basal
transcription machinery may account for the repression of
some germ cell-specific promoters in the somatic tissues.
Understanding the mechanisms which regulate the transcrip-
tion of terminal differentiation genes during mammalian
spermatogenesis will not only shed light on the basic biology
of sperm formation but may also be clinically significant.
Currently, the prognosis of male infertility is poor and studies
involving regulators of spermatogenesis may result in improved
treatment options. Further, there is now increasing evidence that
many types of cancer express terminal differentiation genes of
the spermatogenic lineage—a group of genes collectively
termed cancer-testis-antigens (CTA) (Scanlan et al., 2002). In
this context, identification of the putative repressors of these
terminal differentiation genes, such as TDP-43, may provide a
new direction to investigate cell signaling pathways leading to
the derepression of CTA genes. For example, it will be
interesting to find out if TDP-43 is aberrantly expressed in
cancers expressing CTAs.In summary, the present study proved that transcriptional
repression within the diploid germ cells is a part of the script for
maintaining round spermatid-specific expression of the SP-10
gene. Two GTGTGTmotifs within the proximal promoter of the
SP-10 gene mediate this repressor activity. Whether the
GTGTGT elements are employed as common cis-regulatory
elements by other round spermatid-specific genes is unknown
and awaits the mapping of promoters of genes coordinately
expressed with SP-10. Our results implicate TDP-43 as a
candidate transcriptional repressor of SP-10 transcription within
the seminiferous epithelium. Finally, the presence of TDP-43
and Purα within the male germ cells is indicative of regulatory
roles for these proteins in spermatogenesis.
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